The global mid-ocean ridge system, where tectonic plates diverge, is traditionally thought of as the largest single volcanic feature on the Earth. Yet, wide expanses of smooth sea floor in the easternmost part of the Southwest Indian Ridge in the Indian Ocean lacks the hummocky morphology that is typical for submarine volcanism. At other slow-spreading ridges, the sea floor can extend by faulting the existing lithosphere, along only one side of the ridge axis. However, the smooth sea floor in the easternmost Southwest Indian Ridge also lacks the corrugated texture created by such faulting. Instead, the sea floor is smooth on both sides of the ridge axis and is thought to be composed of altered mantle-derived rocks. Here we use side-scan sonar to image the sea floor and dredge samples to analyse the composition of two sections of the Southwest Indian Ridge, between 62
40 E, where the sea floor formed over the past 11 million years. We show that the smooth floor is almost entirely composed of seawater-altered mantle-derived rocks that were brought to the surface by large detachment faults on both sides of the ridge axis. Faulting accommodates almost 100% of plate divergence and the detachment faults have repeatedly flipped polarity. We suggest that this tectonic process could also explain the exhumation of mantle-derived rocks at the magma-poor margins of rifted continents.
T he easternmost part of the Southwest Indian Ridge 1,2 (SWIR), spreading at the ultraslow rate of ∼14 mm yr −1 (ref. 3) , is among the deepest parts of the oceanic ridge system, and it is inferred to represent a melt-poor endmember for this system 4 . There, a very low magma supply is inferred from bathymetric, gravity, seismic and geochemical data [4] [5] [6] [7] [8] [9] [10] . The axis in this part of the SWIR exhibits a segmentation that differs widely from what is observed at slow-spreading ridges such as the Mid-Atlantic Ridge 11, 12 . High-relief volcanic ridge segments are linked by >100-km-long, deep axial sections with almost no volcanic activity 13 . The ridge flanks exhibit non-volcanic sea floor that has been called smooth sea floor because it occurs in the form of broad ridges with a smooth, rounded topography with no resolvable volcanic cones on bathymetric data 14 . This new type of sea floor has no equivalent at slow-to fast-spreading ridges. Its occurrence at the easternmost part of the SWIR provides an opportunity to investigate the mode of formation of non-volcanic oceanic lithosphere in a melt-poor region at the slowest end of the spreading-rate spectrum.
Sampling and imaging the smooth seafloor
In 2010, during RV Marion Dufresne cruise MD183, we acquired side-scan sonar imagery (Towed Ocean Bottom Instrument, TOBI) and dredged extensively in two spreading corridors (Fig. 1 , Methods and Supplementary Figs S1 and S2). The western corridor is located within a large smooth seafloor domain exhibiting broad ∼40-km-long ridges, oriented southwest-northeast oblique to the approximately north-south-spreading direction. The eastern corridor includes both volcanic and smooth seafloor areas, with ridges near-orthogonal to the spreading direction, and two corrugated oceanic core complexes. More than 1,000 km of TOBI images were collected out to 100 km from the ridge axis on flow lines extending up to ∼11 Myr (magnetic anomaly C5n.o) in the eastern corridor. To complement 11 previous dredges 9 , we made 35 more recovering a total of about 7,200 kg of hard rocks (Supplementary Table S1 ). Two new dredges targeted volcanic areas and 33 the smooth sea floor. Dredge tracks were typically 1 nm in length. Over 1,200 discrete samples were described petrographically.
Smooth seafloor ridges of the western corridor mostly exhibit a symmetric cross-sectional shape with slopes dipping 16
• -20
• on average on both sides of a sharp summit (Figs 2a and 3 and Supplementary Fig. S1 ). One of these ridges (called Cannibal Ridge) is observed within the axial domain. TOBI images show that the hillsides of Cannibal Ridge correspond to smooth homogeneous backscatter surfaces with evidence for mass-wasting features but without volcanic textures nor corrugations (Fig. 2a) . Five dredge hauls that targeted both sides of Cannibal Ridge in its central part recovered serpentinized mantle-derived peridotites almost exclusively; gabbros comprised less than 3%, and basalt was absent entirely (Supplementary Table S1 ). The only known example of such distinctive basement uplift at a divergent plate boundary has been found at Lena Trough in the Arctic Ocean in which subcontinental lithospheric mantle rocks are exhumed 15 . Although Cannibal Ridge is located at the centre of the axial domain, the central magnetic anomaly (C1; ref. 16 ) is located off-centre in the northern deep part of the axial domain, where it coincides with agglomerations of small volcanic hummocks (Fig. 2a) . In contrast, thicker sediments without volcanic textures are shown by dark and homogeneous backscatter surfaces on TOBI images of the southern part of the axial domain. Faulted and uplifted hummocky volcanic areas are also imaged at the western and eastern end of the Cannibal Ridge with no evidence for a neovolcanic ridge similar to those commonly found in the axial valley of slow-spreading ridges 17 . Pillow basalts with fresh thick glassy rims were recovered in these hummocky terranes. Off-axis, dredge hauls that targeted the smooth homogeneous surfaces, facing both towards and away from the axis, recovered almost entirely serpentinized peridotites (with less than 1% gabbros and basalts). Low-backscatter volcanic hummocks concealed by sediments are suspected very locally at the top of the off axis smooth ridges (Fig. 3) . Out of eight smooth ridges investigated in the western corridor, only one is partly covered by significant expanses of volcanic hummocks (Figs 2a and 3 ). Draping the TOBI images on bathymetric data reveals that this volcanic layer is <100-200 m thick, discontinuously capping the ultramafic basement. Thus, both the dredge statistics and the interpretation of the acoustic imagery from the western corridor show that the magmatic crust is virtually absent in the western corridor.
Most ridges within the smooth seafloor area of the eastern corridor have an asymmetric cross-sectional shape (Fig. 3) . The inward-facing gentle-dipping slope (5
• -9
• dip) of these asymmetric ridges extends over spreading-direction-parallel distances up to 17 km (Fig. 2b) . TOBI images show that these gentle slopes are mostly smooth homogeneous surfaces and without corrugation, locally covered by volcanic hummocks ( Supplementary Fig. S2 ). Outward-facing slopes are shorter and steeper (12 • -21
• dip) and are often at least partly recovered by volcanic textures. The axial valley inner floor corresponds to a smooth slope dipping 5
• northward (Fig. 2b ). There, a neovolcanic ridge, prominent in a more volcanically active area to the west, shrinks over a few kilometres and disappears. Small fresh-looking scarps (<100 m high), near-orthogonal to the spreading direction, cut the lightly sedimented smooth basement, and are locally sealed by volcanic hummocks (Fig. 4) . This indicates that the volcanics were emplaced directly on the faulted and lightly sedimented basement. About 3-km-wide agglomerations of volcanic hummocks, less sedimented than the adjacent basement, are also observed over smooth off-axis areas (α in Fig. 4 ). Another patch of hummocks is observed at the base of the northern axial valley wall (β in Fig. 4 ). This patch dips up to 27
• and seems to be faulted against the underlying basement upslope, whereas hummocks at the base of the wall rest directly on sedimented smooth basement as observed elsewhere (β in Fig. 4 ). This suggests that the northern axial valley wall is the footwall of a recent large fault cutting the earlier sedimented smooth inner floor and slicing its volcanic carapace. Dredge hauls that targeted the smooth areas in the axial domain recovered 97% serpentinized peridotites. These observations together constitute direct evidence for cross-cutting mantle exhumation faults at mid-oceanic ridges. Off-axis, dredge hauls on slopes facing both towards and away from the ridge axis, recovered 85% serpentinized peridotites, many of them with gabbroic or pyroxenitic dykelets, and slightly more frequent basalts (11%) and gabbros (4%) than in the western corridor. Although this shows a less starved magmatic supply than in the western corridor, the TOBI images of the smooth areas in the eastern corridor show that the basaltic carapace is highly discontinuous and no more than ∼300 m in thickness. Such a thin igneous crust agrees well with high residual mantle Bouguer anomalies for smooth seafloor areas 14 . Lower residual mantle Bouguer anomaly values suggesting thicker crust characterize the north of the eastern corridor 14 where 2 corrugated surfaces have been imaged (Fig. 3 and Supplementary Fig. S2 ) and where dredges recovered up to 25% gabbros (dredges no. 33-34, Supplementary Table S1 ).
Unroofing of mantle-derived rocks by detachment faults
The only way to emplace mantle-derived rocks at the sea floor is through faulting [18] [19] [20] [21] . We interpret the smooth areas on TOBI images as relict surfaces of large detachment faults. Detachment faults recognized at more magmatically robust ridge sections of slow-to ultraslow-spreading ridges predominantly produce domal corrugated surfaces or oceanic core complexes extending for 10-20 km parallel to the axis and exhuming mantle-derived peridotites with significant proportions of gabbros [22] [23] [24] [25] [26] [27] . In contrast, in the magma-starved SWIR corridors studied here, exhumation surfaces are more or less planar, without corrugations, extend up to 60 km along axis 14 and expose almost exclusively mantle-derived rocks. Furthermore, inferred former detachment faults face both towards and away from the ridge axis, and form either symmetric ridges with steep sides or asymmetric ridges with gentle inwardfacing slopes and steeper outward-facing slopes. Both this diversity of fault dips and the cross-cutting relationships support a rolling hinge model that predicts a rotation and flattening of initially steep fault scarps in response to flexural unloading during stretching 28 . The sharp summit of the Cannibal Ridge, with no evidence for a break in slope suggestive of a flat-topped horst, and the off-centre location of the ridge axis at the foot of the northern side of this ridge do not argue for a central horst block with symmetric extension. Rather, we suggest that this symmetric ridge results from two phases of asymmetric extension, the southern side being the relict of an early detachment fault cut and back-tilted by a later fault on the northern side. We further speculate that fault capture may be more frequent for virtually amagmatic spreading, leading to symmetric ridges as in the western corridor. In contrast, for a less magma-starved budget, as in the eastern corridor, less frequent fault capture would lead to the generation of asymmetric ridges, in consequence allowing mantle lithosphere to be exhumed over spreading-direction-parallel distances of >17 km. Multiple shifts in The detachment geometry at depth is pure speculation using results of numerical models of oceanic detachment fault formation 47, 48 . Internal deformation of the footwall of these detachments may be heterogeneous as suggested by patterns of fine-scale lineaments within the smooth areas on TOBI images. See location of the cross-sections in Fig. 2 for the axial domain and in Supplementary Figs S1-S2. the polarity of axial valley-bounding detachment faults may lead to the essentially symmetrical overall tectonic pattern 14 observed for the past 11 Myr (ref. 16 ). This view contrasts with the results of present numerical models of oceanic core complex formation that predict that long-lived detachment may not form when there is little to no melt accretion 29 . This suggests that the rheology and dynamics of detachment faults in melt-starved exhumation contexts are not adequately reproduced in these models. Successive polarity changes of asymmetric rolling-hinge detachments lead to symmetric expanses of exhumed mantle-derived rocks. Delocalization and relocalization of the deformation may be related to a subdued magmatic system resulting in short-lived episodes of volcanism, and enhanced hydrothermal fluid circulation and serpentinization next to fault-controlled dykes favouring the initiation of new detachments.
On the Mid-Atlantic Ridge, basalts are generally found in blocks inferred to be hanging wall or rider blocks to the detachment [30] [31] [32] . Although we found evidence for a hanging wall block that may be in the early stage of being rafted over the emerging detachment surface in the eastern corridor (Fig. 4) , our detailed mapping shows that small patches of lavas were also erupted directly onto the exhumed detachment surfaces, indicating a sparse but continual sputtering volcanic activity during exhumation. The larger and more continuous volcanic areas are observed on outward-facing detachment surfaces and above the ridge crests where more recent detachment faults are assumed to initiate, suggesting that volcanism increased in the later stages of activity of each successive detachment and therefore could control, at least partly, the abandonment and formation of successive detachments with opposite polarity. Figure 5 schematically illustrates the main aspects of our conceptual flip-flop model for continuous exhumation of mantle-derived rocks at ultraslow-spreading ridges with very low melt supply. The most prominent structures are detachment faults with >17 km displacements. They root at high angles with footwalls being flexurally rotated during unroofing to form low-angle inactive exhumation surfaces 33, 34 . Further rotation of the exhumed fault surfaces may also occur in the hanging wall of subsequent, reverse polarity, detachments. These inactive exhumation surfaces are dissected by high-angle normal faults and are then covered by sparse volcanics. These high-angle faults have very small offsets but seem to guide volcanic injections, which are most abundant in domains where the next detachment is assumed to initiate. The development of these steep faults may be a consequence of an increase in flexural rigidity and hence strengthening of the footwall 35, 36 . Although the cause for such a rheological change is not known, it may signal the end of the activity of the detachment. As the exposed detachment surface lengthens with time, the emergence zone may migrate relative to the adjacent plate boundary, ultimately leading to the active portion of the fault at depth moving across this boundary 25, 37 . In our interpretation, one of these later steep faults, cutting up through the footwall, is weakened by localized serpentinization and becomes the new master fault. Delocalization and relocalization of the deformation may thus be linked with magmatism, even in this very meltpoor spreading context. We predict that even small volumes of melt, emplaced as dykes in the upper lithosphere, may enhance hydrothermal circulation, leading to more efficient serpentinization and subsequent rheological weakening in the ultramafics 35, 36 . Repetitions of detachment formation and abandonment leave on both flanks of the ridge expanses of mantle-derived rocks topped by exhumed detachment surfaces and a series of outward-dipping abandoned root zones of successive detachment faults. Fault polarities are likely to alternate if flexure of the exhuming footwall induces strain weakening antithetic to the old fault. Repeating this process leads to an overall symmetric mantle exhumation, although each phase of faulting is highly asymmetric. This is in agreement with equivalent distances between the axis and magnetic anomaly C5n.o (11 Myr) on both African and Antarctic plates 16 .
Mechanisms for continuous mantle exhumation

The SWIR as an analogue for ocean-continent transitions
Similar tectonic processes are expected in ocean-continent transitions of magma-poor passive margins where large domains of serpentinized peridotites are inferred beneath sedimentary formations 38, 39 . There, multiple mantle shear zones may also explain the symmetrical unroofing of broad expanses of mantle-derived rocks observed at such margins 40 . Interpreted seismic sections of the Newfoundland-Iberia margin system show early low-angle detachments, separating crustal blocks from serpentinized mantle, which were cut and back-rotated by later steep faults that were, in turn, rotated to a low angle as they exhumed mantle-derived rocks in their footwalls 41 . In the Tasna ancient ocean-continent transition (southeastern Swiss Alps) such a mantle exhumation surface truncated by another detachment fault is exposed and can be observed on a kilometric scale 42 . Magma-poor margins share thus some key characteristics with magma-starved sections of the ultraslow-spreading SWIR: both are characterized by very little magmatism and the unroofing of mantle rocks over tens of kilometres. The reason why a new master fault initiates and cuts through the existing footwall of an earlier fault is not well understood in ocean-continent transition contexts. Ultraslowspreading ridges may provide a useful present-day analogue to further explore the tectono-magmatic relationships at magma-poor divergent plate boundaries 43 .
Methods TOBI (ref. 44) carries, together with other instruments, a 30 kHz side-scan sonar that illuminates the sea floor to obtain backscatter images at a resolution of 3 m. These sonar data were processed, gain equalized, filtered to remove striping and speckle noise, and projected into geographic coordinates 45 . The position of the TOBI vehicle was estimated using a towing simulation program that takes account of varying tow cable length and vehicle depth. We estimated the accuracy of the obtained navigation to be about 100-500 m by comparing prominent features visible on both side-scan and multibeam bathymetry maps. In interpreting the side-scan sonar data we followed similar principles to previous authors 17, 46 to divide the sonar images into a number of different acoustic terrains. We used the dredged samples to ground-truth our sonar interpretations, and then compiled these interpretations into geological maps of the eastern and western corridors (Supplementary Figs S1 and S2). We separated the hummocky morphology from smooth terrains very carefully leading to a conservative map where the extension of smooth terranes is minimized and the volcanic terranes are maximized. The hummocky texture consists of large conglomerations of subcircular mounds, individually with <200 m diameters that can be most readily attributed to individual pillow lava flows 17 . Lava flows or lava ponds with relatively flat and strongly reflective surfaces were observed only in the volcanic regions outside the eastern and western corridors 13 . Smooth homogeneous areas with more or less sediment draping are generally low-backscatter surfaces. However, they show sometimes a highly backscattering mottled texture that we tentatively attribute to serpentinized peridotite blocks covered by a few-centimetre-thick manganese layer. No striations are observed except in two corrugated surfaces that were already identified with multibeam bathymetric data in the northern part of the western corridor 35 . A fine-scale irregular, curved and discontinuous pattern of ∼200-600-m-spaced and ridge-parallel acoustic lineaments locally interrupts the smooth terrains. These lineaments correspond either to recent scarps of small high-angle normal faults or to an older fracture schistosity. Both suggest a complex and heterogeneous internal deformation history of the footwall of the detachment faults. Sediment ponding and mass-wasting features such as talus were also mapped.
